Molar sodium lactate, sodium bicarbonate, sodium chloride, glucose insulin, and calcium chloride were used in the treatment of induced hyperkalemia in nephrectomized dogs. The effect of these agents on the electrocardiogram and on potassium partition was studied. Molar sodium lactate appeared to be the agent of choice in the treatment of the hyperkalemic state under these experimental conditions.
R ECENT studies from this laboratory have indicated the value of molar sodium lactate in the treatment of A-V heart block and cardiac arrest. 1 ' 2 Because of the similarity between the electrocardiographic changes in these states and those in advanced hyperkalemia, 3 it, was felt that this agent might prove of value in the management of this condition. Indeed, molar sodium lactate lias been used in our laboratory with good results in the treatment of experimental and clinical hyperkalemia. 4 Preliminary results seemed to indicate that sodium lactate increased the intracellular movement of potassium and protected the heart from the full toxic effect of a given potassium concentration.
The electrocardiographic manifestations of hyperkalemia appear to be not only a function of the extracellular concentration of the ion, but are influenced by its rate of increase, •>• fi the gradient of the ions across the myocardial cellular membrane, 7 Dr. Guzman is a Fellow of the American Heart Association.
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Circulation Research, Volume VIII. January lflGO 223 sodium or calcium concentration and a decrease in hydrogen concentration have each been shown to ameliorate the toxic effects of a given potassium concentration. 8 " 14 With these considerations in mind, sodium chloride and sodium bicarbonate solutions have been suggested to be of value, and have been used in the treatment of the hyperkalemic state. 15 " 18 The efficacy of these agents, especially of sodium chloride, has been questioned. Calcium salts and glucose-insulin solutions have been found to be of definite but limited value in the treatment of hyperkalemia 10118 The following experimental study was performed to establish the relative efficacy and mechanism of action of sodium lactate, sodium bicarbonate, sodium chloride, calcium gluconate and glucose-insulin solutions in the treatment of experimental hyperkalemia.
Methods
Thirty-one fasting dogs, weighing 10 to 24 Kg. underwent bilateral ligation of their renal pedicles. The kidneys were left in situ. The femoral artery was cannulated for intermittent blood sampling, the femoral veins for continuous infusion of isotonic potassium chloride (1.14 per cent), and of other agents. The surgical procedures and the experimental study were performed under pentobarbital anesthesia and artificial respiration, employing room air administered by an electrically driven pump via an endotracheal tube.
Continuous electrocardiographic monitoring, employing a Sanborn Viso-cardiette was maintained throughout the experiment. That lead, usually lead 2 or V4, which showed the most distinct P and T waves was selected. Only 1 lead was used in each ani.ual so that alterations in the tracing could be readily detected and comparative analysis be made.
A control tracing and an arterial sample were obtained prior to institution of the KC1 infusion. This infusion was maintained at a constant rate of 0.05 inEq. of KCl/Kg./min. However, in the larger animals, a maximum infusion rate of 0.81 inEq. KCl/min. could not be exceeded, because infusion rates in excess of this value resulted in rapid toxicity unresponsive to treatment with any agent.
Intermittent arterial sampling was done at 10 to 15 min. intervals and at periods of marked electrocardiographic change before and after administration of the agent. Arterial samples were collected in heparinized syringes, immediately placed in fee and analyzed for sodium, potassium, chloride, calcium, lactate, pH, and, when indicated, for glucose, by methods previously employed in this laboratory. 8 The obtained values were subsequently correlated with simultaneously recorded electrocardiograms. The electrocardiogram served as the immediate guide for the need of therapy and as an index of the speed, degree, and duration of action of the therapeutic agents. The criteria used to grade the electrocardiographs effects of hyperkiileinia are those generally accepted and are as follows:
Stage I-Electroeardiographic abnormalities are limited to the T wave and ST segment, consisting of increase in amplitude and peaking of the T wave and depression of the ST segment. Stage II-The above changes are present, but in addition, the P waves are decreased in rate and voltage, tend to fuse with the preceding T wave, and ultimately disappear. Stage III-At this stage intraventricular conduction defect appears with prolongation of the QRS by 0.04 to 0.06 second greater than the control. There is no significant slowing of the heart rate. Stage IV-The ventricular rate is markedly slow, and the QRS is markedly prolonged and bizarre, usually displaying a wide S wave. Multifocal, multiforme ventricular tachycardia often precedes death in ventricular standstill or fibrillation.
Only 1 therapeutic agent was used in each animal. Except for the glucose-insulin treated dogs, each of which received 2 treatments, the animals received an average of 3 treatments during the course of the continuous potassium infusion. Initial and successive treatments for all agents were given at similar electrocardiographic grades of potassium effect. The agents were administered rapidly by syringe usually in 1 to 2 min. The following solutions were employed: (1) Molar sodium lactate* in 40 or more, usually 60 ml. doses; (2) molar and 0.5 molar sodium chloride; 40 and 60 ml. doses caused respiratory difficulty in our animals; hence, in the majority of trials 40 or 60 ml. of 0.5 J\ T aCl was employed; (3) molar and 0.5 M NaHCO 3 . Animals receiving 60 ml. of M NaHCO :1 displayed tetany and diarrhea. Moreover, the marked rise in pH produced by molar NaHCO 3 was felt to be extremely unphysiologic. Therefore, in the majority of instances, 40 or 60 ml. of 0.5 M solution was employed; (4) Calcium gluconate (10 per cent solution) ; 10 or 20 ml. were given per trial (4.6 to 9.3 mEq. of calcium); (5) Glucoseinsulin, 50 to 75 ml. of a 25 per cent solution (12.5 to 18.25 Gin. of glucose) with 10 units of regular insulin for each 6.25 Gm. of glucose was administered and found to produce hyperglycemic levels with rapid, but not excessive, glucose utilization.
Analysis of Data
An initial extracellular volume of 20 per cent of whole body weight was assumed. Changes in extracellular volume, which was assumed identical with the chloride space, were calculated by the formula 19 -20 
V Eg is the new volume, V E1 is the preceding determined volume, (Cl'), is the initial serum chloride concentration, Cl' B is the amount of infused chloride between the 2 determinations, and (Cl~)% is the new chloride concentration. Extracellular electroh'te concentration was assumed identical with serum levels. Total extracellular potassium was calculated from the product of extracellular volume and potassium concentration. Changes in intracellular potassium were calculated by the formula Aif*; = A_RT + B -AIC + £ where &.K* t is the increment in intracollular potassium in a given time interval divided by its duration, and is expressed in mEq./Kg./min.
The agents were analyzed as to their effect on the electrocardiographic manifestations of hyperkalemia with regard to the speed, degree, and duration of the correction of the electrocardiographie abnormalities. The duration of maximal electrocardiographic effect is the duration of the maintenance of peak electrocardiographic improvement. The duration of total effect is the time from onset of eleetrocardiographic improvement to the point where the electrocardiogram returned to its pretreatment configuration. The effect of the agents *The Molar Sodium Lactate employed in this study was kindly supplied by Eli Lilly & Company, Indianapolis, Indiana. on the extracellular electrolyte pattern, especially with reference to potassium concentration and partition, was compared and correlated with the electrocardiographic changes. No controls were used in this study as each animal served as its own control.
Results
The following results must be considered in the light of a constant, continuous infusion of potassium chloride in an anesthetized, nephrectomized dog. Such infusion results in a progressive rise in extracellular potassium, decrease in extracellular sodium, acidosis, and progressive electrocardiographic deterioration terminating in death.
Effect of Molar Sodium Lactate
The results of therapy with molar sodium lactate are summarized in table 1. Within 2 min. of its administration, this agent corrected the electrocardiographic manifestations of hyperkalemia. The electrocardiogram was restored to Grade 1, irrespective of the pretreatment degree of hyperkalemia as evidenced by the serum potassium concentration and the electrocardiographic abnormality. Maximal electrocardiographic correction was maintained for from 5 to 34 (mean 16.4 min.) and total correction for from 14 to 34 min. (mean 24.1 min.). This correction of the electrocardiographic manifestations of hyperkalemia, in spite of continuous KC1 infusion, was associated with a small decrease in extracellular potassium concentration, mean 0.9 mEq./L for all treatment groups. Total extracellular potassium showed either small decreases or increases, with a mean decrease of 5.2 per cent below pretreatment levels. The most striking effect of molar sodium lactate was the increased rate of movement of K + from the extracellular to the intracellular space. This parameter increased from a pretreatment mean A'alue of 0.025 (mEq./Kg./ min.) to a post-treatment mean level of 0.06. As with sodium bicarbonate there was no sudden rebound movement of potassium from the intracellular back to the extracellular compartment ( fig. 1 ).
The changes in the electrocardiogram, potassium concentrations and partition were as- 
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Figure 1 Correlation between the degree and duration of electrocardiographic improvement and changes in the extracellular potassium concentration produced by the various therapeutic agents. The top graph shows the change in potassium concentration; the middle graph, the degree of electrocardiographic change; and the bottom graph, the duration of the electrocardiographic change.
sociated with a modest mean increase in extracellular sodium concentration of 7.3 mEq./L. (range 0 to 29). A small post-treatment increase in pll occurred in 50 per cent of the treatments, in the order of 0.01 to 0.07 pIT units (mean 0.03). In 18 per cent of the trials there were no changes in pll. In 33 per cent of instances, the infusion of molar sodium lactate did not prevent a further drop in pll. There was no strict relationship between the dose of sodium lactate, the change in extracellular sodium concentration, and pH, and electrocardiographic improvement. Only the increased rate of intracellular movement of potassium following therapy correlated well with the improvement in the electrocardiogram. Sodium lactate produced a large rise in extracellular lactate levels. These levels reached a peak quickly, then gradually decreased, indicating distribution to and/or utilization by the tissues.
Molar sodium lactate produced a mean increase in calculated extracellular volume of 11.4 ml./Kg., (range 5.4 to 19.8) per treat- 
VK-extracellular volume.
A Ki-rate of intracellular movement of potassium.
(Nii*)t:-extracellular sodium concentration.
(Ca ++ ) t -extracellular calcium concentration.
\Girculation 'ReVedrch, Volume VIII, January I960 increases in extracellular pH. Sodium bicarbonate also produced, but by a different mechanism, increase in extracellular lactate levels by a mean value of 24 per cent above pretreatment levels.
The Effect of Sodium Chloride Solution
The results of sodium chloride administration are summarized in table 3 and are compared to the other agents in figures 1 to 3. While sodium chloride resulted in rapid correction of the electrocardiographic signs of hyperkalemia, the degree and duration of this action, especially at advanced stages in the toxemia, were less than those achieved by the 
Figure 2 Correlation between the electrocardiographs improvement and changes in pH and extracellular sodium concentration produced by the various therapeutic agents. The top graph shoivs changes in pH; the middle graph; changes in extracellular sodium concentration; and the bottom graph, the duration of electrocardiographie improvement.
other 2 sodium salts and glucose-insulin. Like the 2 other sodium salts, sodium chloride produced a small fall in extracellular K + concentration,, but except in the first treatment series, it produced either no change or a small increase in total extracellular potassium. Its administration caused an initial increase in the rate of intracellular movement of potassium, but this was followed by a sharp outward movement. Sodium chloride increased extracellular sodium concentration to a mean value of 0.19 iiiEq./L./mEq. of administered sodium. Comparable values for sodium lactate and sodium bicarbonate were 0.12 and 0.21 respectively. Associated with its administration was a fall in extracellular pH ranging from 0.01 to 0.06 units. Sodium chloride thereby contributed to the basic acidosis produced by an infusion of KC1. The increase in extracellular volume of 0.11 ml./Kg./niEq. of NaCl produced by sodium chloride was comparable to that produced by the two other sodium salts.
The Effect of Glucose, Insulin and Calcium Gluconate (See table 3 
and figures 1 to 3)
Glucose-insulin administration with one exception resulted in improvement of the electrocardiogram. The degree of improvement was less than that produced by the other agents, but the duration of the effect was the longest in the first treatment series, and second only to sodium lactate in the second series. Glucose-insulin produced a small decrease in extracellular K + concentration and increased the rate of intracellular movement of this ion. Significantly, there was no secondary outward return and movement of K + , as noted with sodium chloride and calcium gluconate and to a lesser degree with sodium lactate. However, the use of glucose-insulin was associated with a fall in extracellular sodium concentration and pH.
Under the conditions of this experiment, the administration of 4.6 to 9.3 mEq. of calcium (as gluconate) resulted in the attainment of unphysiologic levels of extracellular calcium. These levels resulted in striking improvement of the electrocardiogram which was poorly sustained. There occurred concomitantly, decreases in extracellular K + concentration due to a transient increase in extracellular movement of K + , which was followed by a sharp outward rebound movement. Associated with these changes were small decreases in extracellular pH and sodium ion concentration. Discussion Our findings are compatible with the clinical findings that all the tested agents possess some beneficial effect in the management of hyperkalemia. However, our data would suggest that calcium in the absence of concomitant hypocalcemia is not a very effective agent and would require frequent, repeated administrations to be of value clinically. 18 Such administrations may result in unphysiologic levels of calcium. Consistent with the findings of several investigators, sodium chloride is effective in the treatment of hyperkalemia, 1 "' 1T but as demonstrated by Elkinton et al., has no significant effect on potassium partition. Its administration is associated with a decrease in pH. Its action in hyperkalemia may be explained by an increase in extracellular sodium concentration. The sodium ion per se has an antagonistic action toward the potassium ion. The sodium salts .Circulation Research, Volume 'VIM, January I960 which increase pll manifest the greatest effect on intracellular potassium shift and electrocardiographic improvement. 8 " 10 ' 1!) ' --However, our results would indicate that there is no absolute relationship between electrocardiographic improvement, intracellular potassium transfer, and pH rise. Sodium bicarbonate produced the greatest rise in pll and fall in extracellular potassium, but showed less electrocardiographic improvement than did molar sodium lactate, which produced a more gradual and less marked pH rise. Moreover, it was noted that dogs showing the greatest pH rise with sodium bicarbonate administration showed a variable effect regarding potassium partition and no electroeardiographic improvement. This would suggest that although a rise in extracellular pH is conducive to intracellular potassium transfer, a very rapid and marked increase might have adverse effects. We noted, as did others, 23 that an increase in extracellular lactate occurred following administration of sodium bicarbonate. This is presumably the result of exchange of lactate for bicarbonate by the tissues and may represent a toxic inhibition of normal carbohydrate metabolism. The increase in extracellular lactate as a result of sodium lactate administration represents an additive process. The gradual decline in lactate concentration from peak levels would suggest distribution and/or utilization. Studies are now in progress to assess the significance of such lactate utilization on potassium kinetics.
In our study, glucose-insulin produced a significant fall in pH which exceeded the fall observed during KC1 infusion in the nephrectomized dog. This fall may represent an exchange of intracellular H + ion for extracellular K + . This fall in pH is undesirable in itself and may limit the extent of glucoseinduced intracellular potassium transfer and hence the value of glucose-insulin alone in the management of hyperkalemia.
One of the factors limiting the """ ^ sodium salts in the treatment of renal failure with uremia and hyperkalemia would' be the 
Figure 3
Correlation between the changes in extracellular potassium concentration; change in rate of potassium movement intercellulwrly; the extracellular volume; and the dosage of sodium administered. The V E is extracellular volume; AK, is the rate of potassium movement intercellularly; (K + ) K represents the extracellular potassium concentration; and Na + represents the dose of sodium administered in mEq.
increase, if excessive, in extracellular sodium. The nephrectomized dogs tolerated molar sodium lactate better than they did equal doses of sodium chloride and bicarbonate. Sodium lactate produced a lesser rise in total extracellular sodium per milliequivalent of administered sodium than did the other 2 salts. This would suggest that lactate facilitates or permits intracellular sodium movement -to a greater extent than do the chloride or b'icarbonate ions. 23 All the agents: initially increased intracellular potassium shift, but only bicarbonate, glucose-insulin and lactate administration were not followed by a significant -rebound movement of potassium, from the intracellular to the extracellular space, as was observed with, sodium chloride and calcium gluconate. The initial peak effects of the 2 latter agents may be. explained by osmotic forces. The action of glucose-insulin is explained by its metabolic activity. The mechanism of bicarbonate effect may be due to osmotic forces and increase in pH. The effect of molar sodium lactate may be the result of an initial osmotic . In the remaining 22 per cent, its administration was associated bj r a rise of 0.1 to 1.7 mEq./L. The decrease in extracellular potassium concentration was due to a decrease in total extracellular potassium, and was explained by a sharp mean increase in the intracellular movement of potassium of 0.04 mEq./Kg./min. above the pretreatment levels. The sharp movement of potassium into the cells was followed by a slight outward movement. These effects of sodium bicarbonate on potassium partition were similar to action, the increase in extracellular pH, and perhaps the metabolic action via lactate utilization.
The treatment of acute hyperkalemic cardiotoxicity poses a difficult problem. All measures short of reversing the basic pathology are temporary. The purpose of electrolyte and glucose-insulin administration in the treatment of hyperkalemia complicating renal shut-down is the correction of associated ionic deficits and the attenuation of the toxic effects of potassium. The goal of such therapy is to gain time for renal function to improve and/ or, where necessary, for extrac'orporeal dialysis to be applied. In addition to the limitations peculiar to each agent, they all have the potential of expanding the extracellular volume, especially the intravascular compartment, to the point of cardiac decompensation.
Molar sodium lactate appears to be a superior agent in the treatment of acute potassium cardiotoxicity. It would appear to be a safer agent than sodium bicarbonate for the reasons given. Theoretically, on the basis of our data, the combination of molar sodium lactate and hypertonic glucose with insulin might be superior to either agent given alone. The advantages of molar sodiraa lactate would be retained, as would the more marked metabolic activity of glucose-insulin, the former agent preventing the fall in pH and sodium found with the administration of the, latter alone.
" Summary Hyperkalemia was induced by the continuous infusion of potassium chloride in nephrectomized dogs. Continuous electroeardiographie observation and frequent determinations of serum electrolytes were made during the course of the infusion aiid following the administration of sodium lactate, sodium bicarbonate, sodium chloride, glucose-insulin and calcium gluconate solutions. All these agents corrected the electroeardiographie evidences of hyperpotassemia. However;, sodium laetate 'appeared to be most efficacious in the correction of cardiac toxicity. The administration of sodium lactate resulted in a small rise o£-blood pH and extracellular sodium con-centratiou, and an increase in the movement of potassium intracellulaiiy. Sodium bicarbonate produced greater rises in these parameters with less striking electroeardiographie improvement. Sodium chloride was distinctly inferior to sodium lactate and sodium bicarbonate. The combination of glucose and insulin produced prolonged electroeardiographie improvement, but of less degree than did sodium lactate, and its administration is associated with a fall in pH. Calcium chloride, under the experimental conditions, appeared the least efficacious.
It would appear from this study that molar sodium lactate would be of clinical value in the treatment of clinical hyperkalemia.
Summario in Interlingua
Hyperkaliemia esseva inducite in nephrectomisate canes per le infusion continue de chloruro de kalium. Continue obsorvationes electroeardiographie e frequente determinationes del electrolytes in le sero esseva effectuate durante le curso del infusion c post le administration de lactato de natrium, bicarbonato de natrium, chloruro de natrium, glucosa e insulina, e gluconato de calcium in solutioncs. Omne le mentionate agentes corrigeva le signos de hyperkaliemia. Tamen, lactato de natrium pareva esser le plus efficace in le correction del toxicitatc cardiac. Le administration de Lactato de natrium resultava in un micre augmento del pH sanguinee e del concentration extracellular do natrium e in un augmento del movimento intracellular de kalium. Bicarbonato de natrium produceva plus marcate augmentos in le mentionate magnitudes e in minus frappante meliorationes electroeardiographie. Chloruro de natrium esseva distinctemente inferior a lactato de natrium e a bicarbonato de natrium. Le combination de glucosa e insulina produceva prolongate meliorationes electroeardiographie, sed istos esseva de grados minus marcate que le meliorationes producite per lactato de natrium, e su administration esseva associate con un reduction de pH. Sub le conditiones del hie describite experimentos, chloruro de calcium pareva esser le minus efficace.
Le resultatos del studio pare indicar quo molar lactato de natrium esserea de valor clinic in le tractamento de hyperkaliemia in huinanos.
